Wireless power transfer systems have been widely applied in the field of portable and implantable devices, featuring contact-free and reliable energy supply. Novel implant systems, such as brain-computer interfaces, impose the challenges of strong miniaturization and operation under loosely coupled conditions. Therefore, maximizing power transfer efficiency while decreasing the size of transmitter and receiver structures becomes a central research question. This paper presents a unified design strategy of modeling, analyzing and optimizing planar spiral coils with integrated capacitive elements, so-called capacitively segmented coils, for operation in wireless power transfer interfaces. It mathematically analyzes and experimentally verifies that the combination of capacitive coil segmentation, increased operational frequencies and geometrical coil optimization can be used to establish wireless power transfer links with comparatively high efficiency, small size and limited detuning effects in lossy dielectric environments. The paper embraces the formulation and verification of a broadband analytical link model based on partial element equivalent circuits, which is subsequently used to determine dominant coupling and loss mechanisms and to optimize the coils' geometries for high efficiency. Moreover, an extended analysis shows how the capacitive coil segmentation can effectively suppress dielectric losses and non-uniform current distributions by canceling the inductive contribution of every coil segment at the frequency of operation. Utilizing these methods, an exemplary 40.68 MHz wireless power link with a 30 mm primary and a 10 mm secondary coil is designed and evaluated: With a maximum efficiency of up to 31 % in biological tissue at 20 mm separation distance, it features efficiency levels which are up to ten times higher and a specific absorption rate which is up to five times lower compared to non-segmented systems. When operated at 150 MHz in air, efficiency levels are up to 1.5 times higher than in state-of-the-art systems of the same size.
I. INTRODUCTION
Since the end of the 19th century, engineers are seeking for concepts and mechanisms to enable wireless power transfer (WPT) systems which are both efficient and reliable. While near-field technology based on resonant inductive coupling has been widely adopted in today's portable consumer
The associate editor coordinating the review of this manuscript and approving it for publication was Derek Abbott . systems for reasons of convenience, there is a field where wireless energy transfer is particularly vital: Biomedical engineering.
To avoid the risk of infection and broken interconnections, wireless systems were introduced in the 1930s with the first attempts of electromagnetic stimulators [1] and reached a broad distribution with cochlear implants in the last decades.
The basic operational principle of such a wireless power transfer link is depicted in Fig. 1 : An alternating current I 1 is fed into a primary transmitter coil of inductance L 1 , generating an alternating magnetic field. Based on the mutual inductance M 12 , this magnetic field induces a voltage U 2 in a secondary coil L 2 , which provides power to load circuits such as electrical implants.
Today, cortical implants are utilized to establish new types of neural sensors and brain-computer interfaces [2] , which are able to capture electrical signals from single neurons [3] or to restore motor functions in paraplegic persons [4] , among others. The requirement of even higher levels of integration therefore refreshes and emphasizes the central research question of wireless power transfer: How can we maximize power transfer efficiency while decreasing the size of the transmitter and receiver structures and increasing the distance between transmitter and receiver?
The answer is not only relevant for biomedical engineers, but for the wireless power transfer community in general.
A. RELATED WORK
The optimization of wireless power transfer coils has been an ongoing topic in academic research. Initial optimization approaches of deriving loss mechanisms were published e.g. by Schuder et al. in 1961 [5] , while Ko et al. were the first to introduce an expression for the maximum efficiency of an inductive system in 1977, which is the maximum ratio of output power P 2 and input power P 1 of the link shown in Fig. 1b [6] :
The quantity ξ is referred to as the figure of merit of an inductive link and is defined as [7] ξ = (ωM 12 
The higher ξ due to higher mutual inductance M 12 or lower loss resistances R 1 or R 2 , the higher the efficiency which can potentially be reached. Equation (1) is valid if the load impedance is equivalent to a particular optimal value Z L,opt , as shown in section II. If deviating from this optimal load impedance, efficiency will decrease. However, any load impedance Z L can be transformed to Z L,opt with an impedance matching topology, either by standard L, T or Pi networks [8] , or by adaptive mechanisms [9] - [14] . Hence, this paper always analyzes a wireless link for this case of optimal matching, so that the maximum efficiency η max becomes the main objective of optimization. Within the last decade, various strategies of modeling and optimizing η max have been investigated. In the following section, they are categorized and presented along with important scientific contributions in the individual fields: The high frequency regime below 30 MHz is most often used for the design of inductive links [15] . The typical design strategy is to relate the link's equivalent circuit parameters, such as mutual inductance M 12 and loss resistance R i , to the geometrical parameters of the inductors, such as outer radius, number of turns, trace width and pitch. Especially self-inductance and mutual inductance have been subject to extensive analysis, as e.g. given by the inductance approximation formulas by Grover [16] , the compact analytical modeling and optimization of the coupling factor by Zierhofer and Hochmair [17] , the modeling of magnetic substrates by Hurley and Duffy [18] and the computationally efficient mathematical description of misalignment and tilt by Raju et al. [19] or Khan et al. [20] .
Expressing mutual inductance M 12 and loss resistance R i as a function of the geometry and substituting these expressions into (1) allows for a multi-parametric optimization of the coils with respect to maximum efficiency. A well-structured variant of this approach in the biomedical domain was presented by Jow and Ghovanloo in 2009 [21] , including lumped parasitic capacitances due to the dielectric environment and approximation formula for skin and proximity effects (i.e. the increase of resistance due high frequency current distribution effects). However, the optimized inductors for operation in biological tissue show much lower efficiency than the system operating in air, as the number of turns is reduced for the case of lossy dielectric environments.
A recent approach, published by Schormans et al. [22] , incorporates a very concise optimization algorithm based on extended mathematical models of loss effects in litz wire and different impedance matching topologies, but does not incorporate the effect of surrounding lossy dielectric material, which strictly limits the performance for higher frequency or number of turns [7] .
Publicly introduced by Kurs et al. [23] , multi-coil systems with additional resonant coils within the transmission interface can enhance WPT efficiency, as also suggested by RamRakhyani et al. [24] or Kiani et al. [25] . The additional resonators can either be classified as impedance transformer, in which impedance matching is realized by placing the resonators directly on top of transmitter and receiver coil [7] , or as magneto-inductive waveguide, in which the effective distance between the WPT coils is reduced, hence increasing the efficiency [26] .
2) VERY AND ULTRA HIGH FREQUENCY LINKS (F > 30 MHz)
Assuming that the dominant loss resistances R i in (2) scale with √ ω due to skin effect, both figure of merit ξ and efficiency η max will increase with the angular frequency ω.
This was exploited by authors like Poon et al. [27] , who proved that systems with mm-sized receiver coils, typically implemented as single-turn loop coils, reach their optimum efficiency in the ultra-high frequency (UHF) range at around 1 GHz.
Practical implementations between 60 and 900 MHz have been proposed by Mark et al. [28] , Zargham and Gulak [7] , Cheng et al. [29] and Mirbozorgi et al. [30] . In these publications, inductor modeling is based or assisted by time-consuming finite element simulations. This restricts the options for the parametric optimization of the transmission structures and does not necessarily reveal the influence of individual physical effects on the system's efficiency.
Moreover, VHF and UHF near-field links are highly sensitive to changes of the dielectric environment, such that efficiency suffers from additional dielectric losses and impedance mismatches to the power conditioning circuits [7] , [31] .
In contrast to the finite element method (FEM) typically applied in this frequency range, the modeling concept of partial element equivalent circuits (PEEC) allows for a fast simulation of high frequency effects, i.e. around the self-resonance frequency of the structures [32] . The underlying concept is to split a transmission structure into individual resistive, inductive and capacitive elements and to solve the resulting system of linear equations in order to obtain the structure's behavior. PEEC modeling of inductors has been performed e.g. by Scholz [33] , Breitkreutz and Henke [34] or Najjarzadegan et al. [35] , but only for single inductors, not fully incorporating effects of inductive and capacitive coupling between multiple WPT coils.
3) CAPACITIVELY SEGMENTED COILS
The beneficial effect of compensating an element's distributed inductance at the frequency of operation with a series of lumped capacitors to avoid dielectric losses was scientifically reported as early as 1979 by Alderman and Grant in the context of nuclear magnetic resonance coil design [36] .
The principle, being referred to as capacitive segmentation, has been considered in the field of wireless power transfer to ensure uniformity of currents on electrically large single-turn loops at frequencies well above 10 MHz [28] , [30] , [37] . In accordance to [36] , these papers remark that the capacitive segmentation can reduce the electromagnetic emission to the tissue in the range of 400 MHz due to decreased electric fields along the loop's trace. Hence, the specific absorption rate (SAR), representing the power dissipated per tissue mass, is reduced [28] .
The application of segmentation capacitors to multi-turn inductors for WPT has only been performed by a limited set of authors: Monti et al. [31] presented a 433 MHz WPT system with a 30 mm primary segmented resonator; as the structural optimization algorithm is not detailed and as the efficiency levels for a coil distance of 20 mm are in the range of 1 %, practical applicability is limited. Tang and McDannold [38] evaluated the beneficial effect of capacitive segmentation on large inductors (diameter greater than 10 cm), explicitly denoting the reduction of dielectric losses, but not providing a generalized modeling and optimization approach.
B. SCOPE OF THIS PAPER
While we've seen various concepts of optimizing WPT inductors for maximum efficiency, namely • the geometrical optimization according to a dedicated mathematical model,
• the increase of the operational frequency and • the capacitive segmentation of inductors, these design strategies have not been combined to reach the optimal performance. Therefore, it is the aim of this paper to provide a unified and broadband model of the wireless link to capture all relevant near-field and self-resonance effects and to deduce an optimization strategy which allows to operate coils with high number of turns in the very high frequency range with very minor detuning effects due to dielectric and lossy material, facilitating the next generation of high efficiency and miniaturized WPT systems.
The technical part of this paper is organized as follows: A partial element equivalent circuit model including inductive and capacitive effects is deduced and evaluated within section II in order to obtain a broadband model of the wireless power transfer interface. This model is then used in section III to study dominant loss mechanisms and methods to partially eliminate their effect by capacitive coil segmentation. Section IV introduces how to obtain the optimal coil dimensions while applying the principles introduced before. Section V finally presents the complete impact of the design and optimization algorithm with respect to efficiency, misalignment and electromagnetic emission on the tissue.
II. TRANSMISSION INTERFACE MODELING A. GENERALIZED EFFICIENCY EXPRESSIONS
Setting up a broadband model requires the link description and the equivalent circuits to be as universal as possible. Therefore, it is recalled that any passive two-port FIGURE 2. Electromagnetic setup analyzed in this paper: Two planar spiral coils are considered as distributed elements with mutual inductive and capacitive coupling. The coils are geometrically defined by their number of turns N i , radius r i , trace width w i , trace pitch p i , coil distance d 12 and misalignment l 12 . In the presented model, every turn is formally divided into n s segments being represented in the partial element equivalent circuit. Capacitive coupling effects are modeled in form of lumped capacitors C ij ,kl and loss conductances G ij ,kl between the circuit nodes (finally summarized by a complex quantity C ij ,kl ); inductive coupling is captured by individual voltage sources within every segment; the induced voltage is a function of the mutual inductances M ij ,kl and all segment currents I ij .
circuit can mathematically be characterized by a complex and frequency-dependent impedance matrix Z [8] :
Efficiency is generally defined as the ratio of real output and input power of the link, so that it holds [7] :
with the input voltages U i and conjugate complex values of the input currents I * i . The equivalent circuit of Fig. 1c can be utilized to express (4) as a function of the impedance matrix elements R ij + iX ij and the load impedance Z L = R L + iX L :
Optimizing (5) with respect to the load impedance requires
which results in the following optimal load parameters [7] :
Finally, by substituting (8) and (9) into (5), the expression for the maximum efficiency is obtained [7] :
For R ii = R i , R 12 = 0, X ii = ωL i and X ij = ωM ij , equation (10) is equivalent to (1) , so that the consistency of the solutions is assured. Please note that R ii and X ii do not directly translate to ohmic resistance and inductance in this general model, but represent the self-impedance resulting from the interaction of all link elements, i.e. from the interaction of resistances, inductances and parasitic capacitances in case of a resonance.
B. HIGH FREQUENCY PARTIAL ELEMENT EQUIVALENT CIRCUIT MODEL
The first major contribution of this paper is to derive the impedance matrix Z for any given arrangement of two planar spiral coils, such as shown in Fig. 2 . To cover high frequency effects, every coil is considered to be a distributed system of individual conductor segments interacting with each other.
Here, we define I ij to be the current in segment j of coil i ∈ {1, 2} and U ij to be the ground-referenced voltage at node j of coil i. With N i being the number of turns, n s the number of segments per turn and the number of segments being n i = N i n s , it holds that j ∈ {1, . . . , n i }.
Analyzing the equivalent circuit, each segment has a resistance R s,ij due to ohmic losses and is subject to induced voltages U ind,ij due to all currents I kl coupling to segment ij with a mutual inductance M ij,kl . According to Kirchhoff's voltage law, the voltage drop across a single segment is given by:
Summarizing the total system, this can be translated into a matrix equation, in which the vectors u ∈ C (n 1 +n 2 +1) and i ∈ C (n 1 +n 2 ) contain all nodal voltages and segment currents, respectively:
Here, D 1 is a matrix generating the segment voltage drop from the nodal voltages given by
with D 11 ∈ R n 1 ×n 1 and D 12 ∈ R n 2 ×(n 2 +1) being matrices with main diagonal elements of 1 and superdiagonal elements of −1:
The last column is only valid for D 12 , in order to account for the reference voltage of the secondary coil U 2(n 2 +1) . The matrices 0 are zero matrices of appropriate height and width to complete D 1 . The matrix R contains the resistances of the segments R s,ij on its main diagonal, i.e.
Finally, M is composed out of all mutual inductances of the segments, mathematically expressed as
with the submatrix M 11 ∈ R n 1 ×n 1 covering the mutual inductances within inductor 1 (its elements are M 1j,1l ), M 22 representing the coupling within inductor 2 (its elements are M 2j,2l ) and M 12 = M T 21 establishing the inter-coil coupling with elements M 1j,2l .
Moreover, all segments have a mutual parasitic capacitive coupling, so that the respective nodes of two elements ij and kl are connected by a lossy and thus complex capacitive element C ij,kl ∈ C, resulting from the computation of the capacitance from a complex permittivity ε = ε − iε and a term C G ij,kl depending on the geometry of the conductors:
Mathematically, this complex capacitance value C ij,kl formally represents both the parasitic capacitance C ij,kl and the conductance G ij,kl of the equivalent circuit of Fig. 2 , as shown by the computation of the corresponding admittance:
For every nodal element ij, we can therefore deduce due to Kirchhoff's current law:
Here, I i(j−1) and I ij are the currents of the coil segments connected to node ij, I src,ij is a current injected by the input current sources and the summation terms are modeling the capacitive currents between the nodes due to their potential difference. In matrix form, we write:
Similar to the analysis of the segment branches, D 2 is representing differences of the segment currents:
with the sub-elements
The matrix C NA ∈ C (n 1 +n 2 )×(n 1 +n 2 +1) is the node admittance matrix of the isolated capacitive network. It can be composed by a capacitance matrix
which contains coupling capacitances (C ik ) jl = C ij,kl between the segments in full analogy to the mutual inductance matrix of expression (16) . According to (19) , C NA contains all elements of C with negative sign; additionally, the main diagonal elements are the sum of all capacitances connecting to the corresponding node, so that C NA is expressed as
Here, the function diag(x) is mapping a vector x ∈ C n to the diagonal elements of a n × n matrix and the vector v n ∈ N n contains n entries all being equivalent to 1. The last column of C NA accounts for the node of voltage U 2(n 2 +1) , which does not connect to any capacitance elements in the equivalent circuit and therefore only contains elements of zero.
Referring to the terms of (20) , the source vector i src includes the contributions of the port currents (25) to the individual nodes, which can be obtained by the terminal incidence matrix K ∈ N (n 1 +n 2 )×2 :
with the unit vector e n ∈ N n 1 +n 2 . Finally, the secondary coil's reference node n 2 + 1 must be considered in a nodal current equation, yielding
or in vector notation
or briefly:
Combining the system of equations of (20) with (26) and (29), we obtain
or in a shorter form defining extended matrices:
With (12) and (31), the model can be summarized by the following system of equations:
Solving (32a) for i, applying the result to (32b) and solving for u, we obtain:
The input voltages can be extracted as follows:
Equation (36) finally allows to derive the system's impedance matrix Z directly from the equivalent circuit parameter matrices R, M and C for any operational frequency ω. As various matrix inversions are included, the computation of Z will require suitable numerical tools. 
C. EQUIVALENT CIRCUIT PARAMETERS
Determining the equivalent circuit parameter matrices from basic physical principles is the objective of this section. In order to limit computational effort and augment the comprehensibility of the models, we assume a constant current distribution along single turns of the coil (for the resistance calculation) as well as uniform current and charge distributions within a single segment (for mutual inductance and capacitance computation).
1) RESISTANCE
In the first step of equivalent circuit parameter computation, the segment resistances R s,ij must to be derived. Defining the resistance of a turn to be R t,ix (with x = j/n s + 1 being the number of the turn), the resistance of segment j of coil i can be given by dividing R t,ix equally among its n s segments:
In consequence, the turn resistances of both coils need to be computed. Avoiding empirical approximation formula, we set up the equivalent circuit model of Fig. 3 
with the electrical resistivity ρ. Moreover, the filaments are subject to mutual inductive coupling, i.e. a voltage is induced due to the currents in the other filaments, characterized by a mutual inductance [17] M f,xy, (39) where J 1 is the Bessel function of the first kind and order 1. In this context, the mutual inductances between the filaments of the same conductor (e.g. M f, 11, 12 in Fig. 3 ) account for the skin effect, i.e. currents in a turn induce voltages within the same turn and therefore change the effective current distribution. Mutual inductances between filaments of different turns (e.g. M f,15,25 ) represent induced voltages due to the proximity effect, in which eddy currents in a turn are caused by currents in all other turns.
Let R f be a matrix with R f,xy as its main-diagonal elements, M f be a matrix with the elements M f,xy,x y and i f ∈ C N i ·n f be the vector of all filament currents. With the assumption that the voltage drops over all filaments of an individual turn U t,ix are equal, it holds (recall v n from (24)
This can be abbreviated as
Moreover, the sum of all filament currents of a single turn is constant and equivalent to the input current I :
Equations (41) and (42) are then combined to determine the filament currents:
Generally, the effective resistance of a single turn can be derived by considering the dissipated power [42] :
Translated to the notation used in this paper, the vector containing the turn resistances is given by
where diag(i f ) is again a matrix with i f composing the main diagonal elements and * is denoting the conjugate complex value. Having computed R t,ix for all turns of both coils, the segment resistances composing the resistance matrix R of (15) can be calculated from equation (37) .
The height h f and width w f of the filaments defined in Fig. 3 have to be smaller than the skin depth δ = √ 2ρ/(µ 0 ω) in order to sufficiently resolve the current distribution within the conductor [40] . Computational efficiency can be enhanced using non-uniform values of h f and w f across the conductors' cross sections [33] .
2) MUTUAL INDUCTANCE
The mutual inductance of the segments ij and kl can be captured by calculating the partial inductance [43] 
i.e. evaluating the Neumann equation along the conductor filaments (line integrals along l ij and l kl ) and averaging those over the conductor cross sections A ij and A kl . Referring to Fig. 4a , we discretize every segment's current distribution into a number of a m vectors along the segment length and (2 b m + 1) vectors across the trace width. Accordingly, there are a total of n sub = a m (2 b m + 1) vectors ds ij,(a,b) located at the position s ij, (a,b) . Therefore, (46) can be approximated by
where the integration along l ij and l kl is replaced by the summation along the traces with index a and the integration over A ij and A kl is substituted by a summation across the traces with index b.
In this work, the coils are realized as flat Archimedean spirals, i.e. the radius of the conductor line is changing linearly with angle [44] . Therefore, the coordinates of discretized current or charge sampling points on an inductor segment ij as defined in Fig. 4 are given by
with the angle
and the radius
Here, a ∈ {1, . . . , a m } and b ∈ {−b m , . . . , b m } are the discretization variables with respect to trace length and trace width, d i ∈ {0, d 12 } is the z-coordinate of coil i and l i ∈ {0, l 12 } is the lateral distance of coil i from the z-axis representing misalignment. Every filament vector ds ij,(a,b) is perpendicular to the trace determined by (48) and has a length corresponding to the segment it approximates, so that it holds:
3) CAPACITANCE Similarly, the capacitance computation is started by recalling that the Coulomb potential P kl at segment kl (averaged over its surface A kl ) due to a uniformly distributed charge Q ij on the conductor surface A ij is given by integral equation [45] 
with the potential coefficients p ij,kl and and the Green's function G(s ij , s kl ), which is representing the potential of a point charge situated in the dielectric environment. With the method of images, the simplified dielectric environment shown in Fig. 4c and neglecting multiple images of the potentials at a dielectric boundary, the Green's function is approximated by [46] :
Here, ε ri and ε re are the complex permittivity values of the substrates of coil i and of the dielectric environment between the coils, respectively. Replacing the uniform charge distribution with a series of n pnt = a m (2 b m +1) point charges at the locations s ij,(a,b) (see Fig. 4b ), the potential coefficients are approximated by:
Performing the numerical computation of (55), care must be taken for ij = kl, i.e. calculating the potential at the charges' origin. A small offset of one positional vector and summing over a sufficiently large number of elements will facilitate convergence in this case.
Finally, all element charges Q iq and resulting potentials P kl can be arranged in the vectors q and p, yielding a system of linear equations, where the elements p ik,jl compose the potential matrix P: p = P · q = P 11 P 12 P 21 P 22 · q.
To compute the capacitance matrices of the individual coils, i.e. C 11 and C 22 of (23), we apply the procedure described in [34] for a single inductor. Therefore, we define an intermediate matrix C h,11 with the following elements:
The elements with j = l represent an element's capacitance to a global ground potential, which is then incorporated into the regular capacitance matrix C 11 (the parasitic capacitive elements within a single coil) with a star-mesh-transform [34] :
The same procedure can be applied to obtain C 22 . Lastly, the capacitive coupling between the coils, represented by C 12 = C T 21 , must be computed. We assume that there should not be a common global ground for both inductors as this would link them even in case of infinite separation distance; thus, we omit the contribution of the star-mesh transform of (58) in the computation of the capacitive coupling between the coils, i.e. in the computation of the matrices C 12 and C 21 . In consequence, these mutual capacitances between the segments of different inductors are obtained by inverting the complete potential matrix P, i.e. 
and taking the submatrices C 12,com and C 21,com as elements of the capacitance matrix C defined in (23):
D. MODEL EVALUATION
To evaluate the model, the frequency behavior of two near-field link setups specified in Table 1 is analyzed by both numerical simulation and measurement. For the numerical simulation, the equivalent circuit parameter matrices were calculated according to the equations of the preceding section and substituted into (36) in order to obtain the impedance matrix Z at different frequency points, as visualized in the flowchart of Fig. 5 . From this impedance matrix, the maximum efficiency can be deduced according to (10) , assuming the optimal load impedance of (8) and (9) for any frequency point. The discretization parameters of the numerical computations are summarized in Table 2 .
For the measurement, the two-port S-parameters of the given prototype inductors on FR4 substrates were recorded with an Agilent E5071B vector network analyzer including a full two-port calibration. The resulting frequency dependent S-matrices were converted to Z-matrices in order to match the mathematical representation of the computational model, such as shown in Fig. 5 , formally explained in [8] and applied to inductive systems in [7] , [47] , [48] . Although measurements of S-parameters are captured with source and load impedances of 50 ohms, the converted Z-parameters fully characterize the coil system independent from any load impedance at a given frequency. The computation of the maximum efficiency according to (10) with the Z-parameters obtained from measurement subsequently yields the efficiency level when connecting the optimal load impedance according to (8) and (9) to the output of the link. The efficiency for an arbitrary load impedance can be computed with (5), but is not within the objective of this work, as any load impedance can be transformed to the optimal impedance by (adaptive) impedance matching (see section I.A). Fig. 6 and 7 visualize the results of the frequency sweeps for the coil setups 1 and 2, respectively. The analyzed characteristics derived from the impedance matrix Z are • the maximum efficiency η max according to (10) , being the objective function of this paper, and
• the real part of the inductor's self-impedance R ii = Re(Z ii ) according to (3) , which results from the interaction of the distributed effects of trace resistance, inductance and capacitance. Therefore, it exhibits resonance peaks at the coils' self-resonance frequencies. The curves generally show that measurement and simulation (with nominal substrate parameters of Table 1 ) are in close agreement; possible variations of the system characteristics due to tolerances of conductor thickness and complex permittivity are indicated by the grey regions. Below the first self-resonance frequency, the average relative deviation of simulated and measured values is 11 % for R ii and 7 % for η max , while the model predicts the first self-resonance frequency with a relative error of less than 2.7 %.
Exemplary numerical values of the equivalent circuit parameters (R ii , the effective inductance L ii = X ii /ω and the VOLUME 8, 2020 FIGURE 6. Frequency behavior of maximum link efficiency and real part of coil impedances in simulation and measurement for coil setup 1. The simulated ranges of the system characteristics account for tolerances of the given circuit board materials and fabrication processes. Here, the conductor height h i was swept from 30 to 35 µm, the relative permittivity ε ri from 4.0 to 5.5 and the loss tangent tan(δ) from 0.01 to 0.05. mutual impedance X 12 ) as well as the coils' first self-resonant frequencies f SRF are provided in Table 1 . It can be recognized that simulated and measured equivalent circuit parameters are consistent within the boundaries stated above.
Taking into consideration that radiation losses and eddy current losses in the dielectric environment are negligible for the given structures and materials (an FEM simulation determined the corresponding loss resistances to be less than 10 % of the conduction loss resistance), we can summarize that the model is suitable to cover inductive and capacitive effects in planar spiral coils even in frequency regions with self-resonance.
III. TRANSMISSION INTERFACE ANALYSIS A. LOSS AND COUPLING EFFECTS
While it was shown that the model is able to reconstruct the physical behavior, we will now use it to understand the dominant effects.
The efficiency curves of Fig. 6 and 7 indicate that the efficiency has no distinct minimum at the first resonance frequency of the primary coil. Here, it is important to note that R ii = Re(Z ii ) does not represent the ohmic loss resistance, but the real part of the self-impedance, which is mainly increased due to resonant interaction of inductances and parasitic capacitances. In the impedance matrix representation, the elements X 12 = X 21 also show a peak at the resonance frequency, so that the efficiency formulation of (10) is still valid. Therefore, the resonance peak is not equivalent to low efficiency, but only to a high input impedance of the system. This is physically reasonable as the segment loss resistances R s,ij do not show extremal values at self-resonance.
The following loss analysis exploits the advantage of the PEEC model that certain physical effects can selectively be enabled and disabled. In the first analysis, any capacitive coupling between primary and secondary coil is disabled, i.e. C 12 = 0, and the maximum system efficiency is computed for three cases: 1) DC resistance without parasitic capacitances The result for coil setup 1 is shown in Fig. 8 : In accordance to common knowledge, skin and proximity effect strongly decrease efficiency compared to the case of uniform current distribution, due to a reduced conducting cross-section of the FIGURE 8. Maximum link efficiency for purely inductive coupling with three levels of loss effects, including frequency-independent ohmic losses, losses dominated by skin and proximity effect and a full set of losses embracing skin, proximity and capacitive effects. The data is based on coil setup 1 of Table 1 .
traces for the skin effect and introduced eddy currents for the proximity effect. They determine the maximum efficiency level being achievable in any inductively coupled system and must therefore be handled by appropriate geometrical optimization of the coils.
Including lossy parasitic capacitances, the efficiency is further reduced when approaching the self-resonance frequency of a system coil and is converging to zero for even higher frequency (at 230 MHz for the given coil setup 1). This phenomenon is illustrated in Fig. 11 in the row ''regular coil'', where the current distribution I 1j within the traces of the primary coil, magnetic flux density B 1 in the upper half-plane of the coil's environment and electric potential U 1j at the surface of the primary coil's traces are shown for the given system at f = 230 MHz:
Due to distributed LC elements, the current distribution is non-uniform, including current vectors pointing in opposite directions. Consequently, this leads to the cancellation of the magnetic field lines in the axial direction, so that the net magnetic flux within the receiver coil is eliminated and efficiency is strongly reduced.
Moreover, the drop of potential along the conductor line leads to voltages and electric fields between the turns, which cause dielectric losses. This is equivalent to current flowing through the lossy capacitive elements C ij,kl , dissipating energy and decreasing efficiency.
Both these effects, dielectric loss and reduced coupling due to non-uniform currents, explain the additional efficiency drop when including parasitic capacitors.
In the second analysis, the full set of loss effects is maintained, but we either disable inductive coupling (i.e. M 12 = 0) or capacitive coupling (i.e. C 12 = 0). The result is shown in Fig. 9 : In the lower frequency regime, the transmission characteristics are determined by inductive coupling, while at higher frequencies, the efficiency is dominated by capacitive coupling. In the transition region, both FIGURE 9. Maximum link efficiency for purely inductive and purely capacitive coupling. The real system behavior is determined by the superposition of both coupling mechanisms, which is different for counter-rotating and co-rotating winding directions of primary and secondary coil. The data is based on coil setup 1 of Table 1. effects can add up constructively or destructively, as shown by comparison of different secondary winding directions.
The system with purely capacitive coupling is subject to narrow dips of efficiency, which coincide with higher order resonance frequencies of the primary coil. This is explained by the particular uniformity of the electric potential along the primary coil's trace, which shows both positive and negative voltage amplitudes at the same time, such that positive and negative capacitive currents flowing from coil 1 to coil 2 sum up to zero.
The third analysis also comprises the separation of capacitive and inductive coupling, but both relative permittivity ε re and loss tangent tan(δ) = Im(ε re )/Re(ε re ) of the material between the coils are subject to a parametric sweep. The results of Fig. 10 show that higher permittivity shifts the presence of non-uniform currents down to lower frequencies, also shifting the effects of reduced inductive coupling and the occurrence of capacitive coupling dips down to lower frequencies. Moreover, any of these dips broaden with increased loss tangent, so that efficiency decreases when both parameters are augmented. In the biomedical scenario, ε r ≈ 100 and tan(δ) ≈ 1 are realistic values [49] , which is the reason for extended losses of inductive systems in biological tissue. The purely capacitive coupling is affected by tissue losses even stronger, so that it does not represent an alternative power transmission mechanism in a lossy dielectric environment.
B. CAPACITIVE COIL SEGMENTATION
As seen before, the capacitive coupling of coil elements (especially within the same coil) leads to severe reduction VOLUME 8, 2020 of the efficiency. However, these effects become dominant not just because of the capacitances, but because of the interaction of capacitances and effective segment inductance L s,ij . With rising frequency, the segment impedance increases with ωL s,ij , while the impedance of the capacitive branches decreases with 1/(ωC). Therefore, currents start to take the lossy capacitive branches, and phase shifts lead to an effective cancellation of inductive coupling.
As there is no technical solution to avoid the parasitic capacitive branches, the only strategy to reduce dielectric displacement currents is to cancel the effective inductance of every segment at the frequency of operation by a lumped capacitive element, such as shown in Fig. 12 and originally introduced by [36] .
This concept can be included into the mathematical model as follows: Recalling that the matrix R of (15) is representing the series impedance of any segment, the impedance of the segmentation capacitors Z c,ij can be directly added to these elements:
Here, a compensation element Z c,ij is introduced to cancel the effective segment inductance L s,ij at the frequency of operation ω; L s,ij is given by the sum of all mutual inductances that couple to the considered segment from within same coil, so that it holds:
Equation (63) can be used to determine the segmentation capacitors C s,ij based on the elements of the mutual inductance matrix M. In contrast to the approaches given by [30] , [31] , [38] , the segmentation capacitor values are not equal across the coil, but are dependent on the location and effective inductance of individual segments (also see section IV). Applying this formalism to the exemplary coil setup 1 in air (ε re = 1) by computing the optimal segmentation capacitance for every frequency point, both efficiency and coil impedance converge to the case of purely inductive coupling, associated with higher efficiency (see Fig. 13 ). In a practical implementation, the capacitive compensation can only be performed for a single frequency point, but the theoretical wideband investigation shows that capacitive segmentation reduces the system's behavior to the behavior of a less complex inductive system. The effect of the capacitive segmentation is also illustrated in the field plots of Fig. 11 , where the current distribution along the coil trace is uniform, resulting in larger axial components of the magnetic flux density and reduced voltages along the coil trace. Hence, the consequences of parasitic capacitive coupling, i.e. limited magnetic coupling and increased dielectric losses, are avoided.
As shown in Fig. 14, the positive effect is also obtained for a coil system operating in biological tissue (simplified by frequency independent ε re = 160 and tan(δ) = 1.7, i.e. brain tissue in the VHF range [49] ), increasing efficiency from 1 % to nearly 50 % at 50 MHz for coil setup 1 in the theoretical investigation with lossless capacitors. For even higher frequency, residual inductance (due to the mutual inductance to the other coil) as well as the series resistance also start to introduce phase shifts and facilitate capacitive bypass currents. So, the efficiency and coil impedance levels of the purely inductive system cannot be reached there. Moreover, reducing the amount of segmentation capacitors from four per turn to one per turn limits the usable frequency range even further. In practical implementations, the number of segmentation capacitors per turn has to be balanced between beneficial effect on the current distribution versus dissipation within the miniaturized lumped capacitors themselves.
IV. TRANSMISSION INTERFACE OPTIMIZATION
Being aware of the beneficial effect of capacitive segmentation and having a mathematical model that relates the geometrical parameters to the objective function η max , an optimization of the coils can be performed. The optimization constraints are the maximum radii of primary and secondary coil (r 1 and r 2 ) as well as nominal coil distance d 12 and misalignment l 12 , all determined by the space constraints and geometrical properties of the application. The optimization parameters are operational frequency f , trace width (w 1 and w 2 ) and number of turns (N 1 and N 2 ). Reducing the spacing of the traces (i.e. p i − w i ) leads to higher mutual inductance for the same d 12 , but also increases trace resistance due to proximity effect and dielectric losses due to parasitic capacitive coupling. As proximity effect losses are only dominant for higher number of turns (with the dimensions and frequencies used in this work for N 10) and as parasitic capacitive effects can be compensated by capacitive segmentation, p i − w i is chosen to be the minimum trace spacing defined by the PCB technology (here: 150 µm). In summary, the optimization problem can be formulated as arg max f ,N 1 ,w 1 ,N 2 ,w 2 η max ( Z(f , N 1 , w 1 , N 2 , w 2 ) ).
As distance d 12 and misalignment l 12 are constraints of the optimization, the resulting coils will be optimal for this particular positional arrangement. Optimizing for short distances results in coils with a high fill factor, i.e. more turns reaching to the center of the coil to increase the magnetic field in short proximity. Long range optimization will lead to coils with lower fill factor, as the turns with small diameters do not contribute to a stronger field at larger distance. As a result, the scaling of efficiency with distance and misalignment is dependent on the nominal optimization position. Therefore, the behavior of a given design with respect to misalignment must be analyzed individually.
For the biomedical case, we attempt a solution by a parametric sweep of N i and w i for a fixed operational frequency of 40.68 MHz (which will be justified later). First of all, optimal values of N 1 and w 1 are found by calculating the impedance matrix and thus efficiency for a fixed secondary coil with N 2 = 1 and w 2 = 1 mm and using the constraints given by the application (see Table 3 ). The resulting efficiency levels of the parametric sweep are shown in Fig. 15 . Table 3 and a secondary coil with N 2 = 1 and w 2 = 1 mm. Four segmentation caps per turn are assumed for the primary coil, the frequency is set to f = 40.68 MHz. Table 3 and an optimized primary coil with N 1 = 10 and w 1 = 0.4 mm. Two segmentation caps per turn are assumed for the secondary coil, the frequency is set to f = 40.68 MHz.
Then, the optimal values of N 1 and w 1 can be selected for a parametric sweep of N 2 and w 2 , which results in the efficiency levels of Fig. 16 .
For both parametric sweeps, segmentation capacitors are calculated according to (63). For every capacitor, an equivalent series resistance of 50 m is assumed, counteracting the efficiency gain of the segmentation. All coils are optimized with one, two and four capacitors per turn and the configuration resulting in the highest efficiency is selected for implementation (four capacitors per turn for the primary, two capacitors per turn for the secondary coil).
Being restricted to capacitor components with a package size of 0201 (or larger), the optimized coils' trace width is chosen to be w i = 0.4 mm in order to incorporate the lumped elements without space constraints, although w i = 0.2 mm would yield slightly higher performance metrics.
The final coil dimensions and the resulting segmentation capacitor values (mapped to the E12 series of preferred values for capacitors [50] ) are summarized in Table 3 . Table 3 .
Systematically scaling all segment capacitors to a value C s + C s with relative deviations between −10 % and +10 % from the nominal value given by (63) results in the behavior shown in Fig. 17 : While the system in air barely shows any degradation of efficiency for a deviation in capacitance, the system embedded in tissue is more sensitive to variations. For the optimization results of this paper, a systematic variation of all capacitors by 1 % scales the efficiency by a factor of approximately 0.95, so that components with low tolerances still lead to feasible results. Note that the nominal capacitor values do not rely on the tissue properties, but only on the effective segment inductances, which are pure functions of the coil geometry in non-metallic and non-magnetic environments.
The given optimization procedure was performed for several ISM band frequencies, the maximum efficiency levels are shown in Fig. 18 : For the given dielectric environment and dimensions, the maximum efficiencies in the 40.68 MHz and the 150 MHz frequency bands only differ by 0.7 %, so that the 40.68 MHz band is chosen for its reduced complexity in subsequent power amplifier and rectifier design.
V. RESULTS
The optimized coils were manufactured on a commercial FR4 substrate and equipped with 0201-sized capacitors with C0G dielectric to compensate the segment inductances at a frequency of f = 40.68 MHz, according to the parameters given in Table 3 . In analogy to section II.D, measurement data was captured using a vector network analyzer and subsequently converted to Z-parameters, in order to account for the frequency behavior and the positional variation of the maximum efficiency in air and tissue environments. As before, all efficiency values were determined for the optimal load according to (8) and (9) .
In setup 1, the frequency behavior of the transmission interface embedded in layers of skin, muscle and bone according to the anatomy of a human hand was recorded. The measurement results with respect to maximum efficiency and real part of the coil impedances R 11 are shown in Fig. 19 : First of all, it can be noted that the capacitive segmentation VOLUME 8, 2020 is already increasing the efficiency level of the coil system in air, minimizing dielectric losses within the FR4 substrate.
Attaching the unsegmented coil system to a stack of tissues strongly decreases the efficiency (up to a fraction of only 1/10th), while the coil impedances strongly deviate from the impedances in air: R 11 is increased by a factor of 10, which would detune connected power conditioning circuits in practical applications. In contrast, the capacitively segmented coil system embedded in tissue shows minor efficiency drops and impedance deviations at the operational frequency of 40.68 MHz, featuring characteristics that are similar to those of the air coil system. For the given setup, the capacitive segmentation increases the maximum link efficiency in tissue from 2.8 % to 31.7 %, which is an improvement of more than one order of magnitude.
Furthermore, the frequency behavior of η max and R 11 was computed by the PEEC model in the frequency range from 30 to 60 MHz for a constant permittivity of bone (ε re = 20 − i 15 [49] ). The simulated characteristics are shown in Fig. 19 , together with the measurement results. At the operational frequency of 40.68 MHz, simulated and measured data of η max and R 11 have a relative deviation of approximately 5 %, so that the model is suitable to reproduce the characteristics of the segmented coil system even within a lossy dielectric environment.
In setup 2, the positional variation of efficiency is evaluated in a homogenous environment of pork muscle tissue, including sweeps of the coil distance d 12 and of the lateral misalignment l 12 (recall Fig. 2 for dimensions) . Fig. 20 presents the results of the measurement, next to a simulation with the presented model for ε re = 80 − i 300 (muscle tissue at 40 MHz [49] ).
In general, the maximum efficiency increases for smaller separation distance and misalignment due to higher mutual inductance. However, the system embedded in lossy tissue shows only minor gains when approaching the coils in the range from 10 to 5 mm. This occurs as the effective segment inductances L s,ij are altered for low d 12 due to stronger coupling to the secondary coil; hence, the utilized capacitors C s,ij do not exactly compensate L s,ij and dielectric losses slightly increase.
Moreover, a lateral misalignment of l 12 = 10 mm leads to a decrease of efficiency from 29 % to 18 % at d 12 = 20 mm and from 51 % to 39 % at d 12 = 10 mm, which is tolerable in practical implementations.
Even for the investigation in lossy dielectric tissue, measured and simulated efficiency levels are in close qualitative and quantitative agreement: The average relative deviation of measured and simulated efficiency is 5 % for the case of axial coil alignment (l 12 = 0 mm).
As already indicated by Fig. 13 and 14 , there is even more potential for efficiency improvements of air coil systems if segmentation is applied together with increased operational frequency. To verify this effect by measurement, the given optimized coil system was tuned to 150 MHz (a German ISM band). Its maximum efficiency η max as a function of the coil separation distance d 12 is also shown in Fig. 20 : An efficiency improvement of factor 1.5 versus the 40.68 MHz air coil system is registered, increasing from 37 % at 40.68 MHz to approximately 60 % at 150 MHz at the benchmark distance of 20 mm.
Tissue absorption in the sense of the specific absorption rate (SAR) is another parameter to be analyzed in biomedical systems, characterizing the amount of RF power absorbed by a certain mass of the tissue [55] :
Here, σ E is the electrical conductivity of the tissue, |E| the local electric field and ρ m the mass density of the tissue. The value is typically averaged over a volume representing a certain mass, e.g. 1 g or 10 g. In this paper, SAR was numerically computed for the optimized coil geometries and characteristics given in Table 3 using the simulation software Ansys HFSS. The secondary coil was terminated with the optimal load impedance according to (8) and (9); the input power was subsequently scaled so that 10 mW are absorbed by this optimal load. The SAR distribution for an averaging mass of 1 g is depicted in Fig. 21 :
In accordance with decreased electric potential differences and electric fields along the coil trace (reconsider Fig. 11 ) and hence reduced dielectric losses, the capacitively segmented coil system shows a peak SAR which is five times smaller than that of the non-segmented setup. As the electromagnetic interface is a linear system, SAR scales proportionally with the given power levels: To stay within the regulatory limit of 1.6 W/kg, the receivable power is 5 mW for the given non-segmented and 27 mW for the given capacitively segmented system. FIGURE 21. Spatial distribution of the specific absorption rate (averaging mass of 1 g) for a regular and for a segmented coil system with the dimensions and characteristics given in Table 3 , captured by a electromagnetic FEM simulation using the software Ansys HFSS. For both systems, the optimal load resistance has been applied to the terminals of the secondary coil; the primary side input power is configured so that P 2 = 10 mW are absorbed by the load impedance. Due to increased efficiency and reduced dielectric losses, the capacitive segmentation is reducing the SAR by a factor of 5. The regulatory SAR limit is 1.6 W/kg.
TABLE 4.
Size and performance metrics of state-of-the-art coil systems in air (blue efficiency values) and tissue (red efficiency values). The data is sorted with respect to the receiver size r 2 and graphically presented in Fig. 22 .
Finally, the optimized systems are subject to a comparison with state-of-the-art systems: In Table 4 , current and miniaturized systems for wireless power transfer are listed and sorted with respect to their receiver coil radius r 2 . Among the implementations tested in real biological tissue (red efficiency values), the system optimized with the algorithm of this paper shows the best performance, being eight times more efficient than the similar-sized setup no. 6 of [21] (η S1 = 32 % vs. η no.6 = 4 %). In air (blue efficiency values), the efficiency of the presented system is 1.5 times higher than that of a commercial Qi system (no. 9) with even larger receiver coil [51] (η S2 = 60 % vs. η no.9 = 40 %). Only systems with twice the radius of primary and secondary coil show higher efficiency levels for the same distance. State-of-the-art overview: Maximum efficiency versus product of the primary and secondary coil radii at a coil separation distance of d 12 = 20 mm. Data points with the label S correspond to the segmented coils of this work. Data of the small coil systems with r 1 · r 2 < 20 mm is captured for d 12 = 16 mm. See Table 4 for references.
In Fig. 22 , the maximum efficiency η max of all listed systems is plotted versus the size metric of r 1 · r 2 (product of the outer coil radii) for air and tissue environments at a coil separation distance of 20 mm. Both implementations of this paper clearly deviate from the trendline to the upper left corner, thus featuring the best efficiency-to-size relation demonstrated in literature.
VI. CONCLUSION
In this paper, several contributions to the field of wireless power transfer for miniaturized and loosely coupled coil systems are presented:
Firstly, a partial element equivalent circuit model for the complete link is derived, successfully reproducing the main quantities and performance metrics of cm and mm-sized coil systems in air and tissue environments, even at higher order self-resonance frequencies if radiative effects can be neglected. Secondly, the model allows to study different loss effects and coupling mechanisms, showing that capacitive coupling effects play a dominant role in multi-turn high-frequency coil systems, constructively or destructively interfering with the mechanism of inductive coupling. In biological tissue with high dielectric loss, capacitive coupling does not contribute to an efficient energy transfer, but just increases the losses in the parasitic coil capacitances.
Thirdly, the concept of applying capacitive segmentation to multi-turn planar spiral coils with position-dependent capacitance values is profoundly analyzed with respect to current, magnetic flux and electric potential distributions, presenting the full impact on dielectric losses, inductive and capacitive coupling as well as efficiency.
Fourthly, the combination of capacitive segmentation, increased operational frequency and mathematical optimization of the coil dimensions is shown to be a powerful algorithm to design near-field links with excellent ratio of power transfer efficiency and coil size: The optimization procedure of the segmented coil geometries is realized as a parametric sweep of the maximum efficiency with respect to the number of turns N i and the trace width w i based on the developed PEEC model, subsequently performed for primary and secondary coil under the constraints of the maximum outer dimensions and the dielectric environment defined by the application. Moreover, executing this optimization for several operational frequencies allows to identify the optimal frequency band for the given dielectric environment.
Merging the optimized segmented coils with recent advancements in the field of power electronics and energy efficient circuits, researchers and engineers will have a chance to establish novel small-scale wireless power transfer systems with improved performance metrics, hopefully enabling the next generation of wireless (biomedical) technology.
